The growth of ice nucleation-active and near-isogenic ice nucleation-deficient (Ice-) Pseudomonas syringae strains coexisting on leaf surfaces was examined to determine whether competition was sufficient to account for antagonism of phylloplane bacteria. The ice nucleation frequency spectra of 46 Ice-P. syringae mutants, obtained after mutagenesis with ethyl methanesulfonate, differed both quantitatively and qualitatively, but the mutants could be grouped into four distinct phenotypic classes. Bacteria, including several plant pathogens, live epiphytically on healthy host and nonhost plant species (4, 18) and can develop large epiphytic populations (6, 15, 18, 20, 22, 27, 35) . The simple presence of many bacterial plant pathogens on plant surfaces is not directly correlated with incidence of disease on these plants. However, the incidence of brown spot disease of bean caused by Pseudomonas syringae pv. syringae increases with increasing epiphytic populations of this pathogen above an apparent threshold population size (21). Biological, chemical, and physical features of the leaf surface which determine the epiphytic population size of a phytopathogenic bacterial species will determine the likelihood of disease on those plants (18).
Bacteria, including several plant pathogens, live epiphytically on healthy host and nonhost plant species (4, 18) and can develop large epiphytic populations (6, 15, 18, 20, 22, 27, 35) . The simple presence of many bacterial plant pathogens on plant surfaces is not directly correlated with incidence of disease on these plants. However, the incidence of brown spot disease of bean caused by Pseudomonas syringae pv. syringae increases with increasing epiphytic populations of this pathogen above an apparent threshold population size (21) . Biological, chemical, and physical features of the leaf surface which determine the epiphytic population size of a phytopathogenic bacterial species will determine the likelihood of disease on those plants (18) .
Frost injury is a serious abiotic disease of plants that causes losses in agricultural production in the United States of over one billion dollars yearly (38) . Frost-sensitive plants are distinguished from frost-resistant plants by their relative inability to tolerate ice formation within their tissues (8, 10, 11) . Frost injury to sensitive plants results from ice formation at -1.5 to -5°C caused by ice nucleation-active pathovars (14) of P. syringae (2, 15-17, 23, 32) , strains of Erwinia herbicola, or three other bacterial species (26, 40) on leaf surfaces (22, 23, 25, 38) . Ice nucleation-active bacteria are commonly found on nearly all plants in nature, with strains of P. syringae being the most abundant ice-nucleating bacteria on most plant species examined (15, 16, 27, 30) . The incidence of frost injury to plants is related directly to the logarithm of the population size of ice nucleation-active bacteria and to the logarithm of the numbers of bacterial ice nuclei on plants at the time of freezing (22, 30) . Treatments that reduce the numbers or the ice nucleation activity (or both) of bacteria on plants reduce the incidence of plant frost injury (1, 22, 23, 25, (28) (29) (30) .
Certain bacterial strains that are not ice nucleation active, including Pseudomonas fluorescens, Pseudomonas putida, and E. herbicola, when established on plant surfaces reduce the subsequent colonization of these plants by ice nucleation-active bacteria under both controlled (28) and natural (22, 24, 25, 29, 30) environmental conditions. The population size of ice nucleation-active bacteria on plants is negatively correlated with the population size of epiphytic antagonistic bacteria colonizing these plants (28, 30) .
Little is known of the importance of antibiosis or the role of other factors such as nutrient competition in the interaction of microorganisms on leaves. While many plant pathogens are inhibited in vitro as well as on plants by certain antagonistic bacteria used as biological control agents (3, 24, 36) , not all strains effective in biological control are inhibitory to target organisms in vitro (6, 36, 39) . Some (4, 5) or acid production (4, 12) , can account for the antagonism observed on plant surfaces. This paper addresses the role of competition in antagonism among bacteria on plant surfaces. Since antibiosis has been shown not to be necessary for interspecific antagonism of bacteria on leaf surfaces (24) , this study was undertaken to determine whether competition alone could account for antagonism on leaf surfaces. Near-isogenic strains of P. syringae deficient in ice-nucleating ability (Ice-) were constructed, and competition between Ice' and Ice-strains on plant surfaces was studied.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The sources and biochemical characteristics of P. syringae 31 (27) . Bacterial colonies were transferred to velvet pads which were subsequently printed onto sheets of aluminum foil coated with paraffin. The foil sheets were placed on a circulating alcohol bath maintained at -5°C and were sprayed with a fine mist of sterile water.
Microdroplets containing Ice' colonies freeze rapidly, and the colonies obtain a frosty appearance. Cells from colonies that did not freeze were sampled directly from the aluminum surface and subcultured on KBCR. Evaluation of bacterial antagonism on plants in greenhouse trials. Approximately 120 three-leaf-stage corn (Z. mays L) plants per treatment were sprayed with suspensions of Icederivatives of P. syringae 31R1 (ca. 106 cells ml-' in distilled water; ca. 1.0 ml plant-') or with water alone and placed in a mist chamber in a greenhouse at 24°C for 2 days. The plants were then sprayed with an aqueous suspension of P. syringae 31R13C (105 cells ml-'; ca. 0.1 ml plant-') or with water alone, incubated for an additional 2 days in a mist chamber at 24°C, allowed to dry, and then cooled to -5°C for 30 min. All three leaves of every corn plant were rated for frost injury and scored as damaged if any injury was apparent. Darkened flaccid areas, usually encompassing the entire leaf, were deemed evidence of frost injury. Damage was expressed as the fraction of leaves that showed frost injury in each treatment.
Measurement of bacterial populations and ice nuclei on leaves. Bacterial population sizes were determined as reported previously (27) 24°C . In most samples of greenhouse plants, the population sizes of strain 31R13C were less than 1% of those of Ice-P. syringae strains. However, when population sizes of strain 31R13C determined on KBCC were 1% or more of those of Ice-P. syringae strains in a sample, the numbers of 31R13C colonies on KBCR were determined by the replica freezing technique described above and substracted from the total numbers of colonies enumerated on KBCR to estimate the population sizes of Ice-P. syringae strains. Total numbers of bacteria and numbers of Erwinia amylovora on pear fruiting spurs were enumerated after 4 days of incubation on KBC and Miller-Schroth medium (33) , respectively, at 21°C. The population size of ice nucleation-active bacteria was estimated from KBC plates by the replica freezing technique.
Leaf surface ice nuclei active at -5°C were quantified by using a droplet-freezing procedure similar to that reported previously (26) . At least 40 10-,ul droplets of appropriate dilutions of leaf washings were placed on the surface of paraffin-coated aluminum foil held at -5°C on an alcohol bath and scored for ice formation. When ice nuclei were not detected in undiluted leaf washings, particulates in the leaf washings were concentrated 40-fold by centrifugation as described previously (30) . The cumulative ice nucleus concentration at -5°C was calculated by the method of Vali (37) from the fraction of droplets unfrozen at -5°C.
Measurement of ice nucleus concentrations active at different temperatures in vitro. The cumulative concentration of ice nuclei active at temperatures in the range of 0 to -12°C for bacterial strains was measured and calculated as reported previously (26) . Forty 10-pl droplets of appropriate serial dilutions of suspensions of bacterial cultures (grown for 3 days at 21°C on nutrient agar containing 2.5% glycerol) in distilled water were placed on an ice nucleus spectrometer (26) . The cooling rate of the aluminum surface, measured with a thermistor, was 0.15°C min-1. The temperature at which individual droplets froze was recorded as the temperature was decreased. The cumulative number of ice nuclei was calculated by the method of Vali (37) . The number of CFU milliliter-1 was estimated from the turbidity of undiluted suspensions by using a standard curve relating optical density at 600 nm and CFU milliliter-' for strain 31R1 cell-') was detected when cells were grown at 21°C, the optimum temperature for expression of ice nucleation by the parental strain. A total of 46 different mutants of strain 31R1 that were deficient in expression of ice nucleation when grown at 21 or 30°C were obtained in this study.
Mutants of P. syringae 31R1 could be grouped into four broad phenotypic classes on the basis of ice nucleation spectra (Fig. 1) . Class 1 Ice-mutants, exemplified by mutants 31R1-36, 31R1-4, and 31R1-23 ( Fig. 1 ), expressed very low frequencies of ice nucleation at temperatures of -5°C or higher (usually lower by a factor of at least 103 as compared with the parental strain). However, the nucleation frequency of class 1 mutants approached that of the parental strain at temperatures of -9°C or lower. Class 2 Icemutants, exemplified by mutants 31R1-8, 31R1-11, and 31R1-16 ( Fig. 1) , expressed very low frequencies of or no ice nucleation activity at temperatures of -5°C or higher (generally less than 10-8 ice nuclei cell-') and also very low nucleation frequencies at temperatures of -9°C or lower (less than 10-6 ice nuclei cell-1). Like class 1 mutants, however, class 2 mutants generally expressed a higher proportion of their total ice nucleation activity at temperatures lower than -9°C than did the parental strain (nucleation frequency at -9°C was higher than that at -5°C by a factor of greater than 100 and less than 10, respectively). Class 3 mutants, exemplified by mutants 31R1-13, 31R1-33, and 31R1-29 ( Fig. 1) , exhibited significantly lower ice nucleation frequencies at -5 and -9°C than did the parental strain. Unlike class 1 and class 2 mutants, however, the nucleation frequency of class 3 mutants at -9°C was less than 10-fold higher than that at -5°C. Class 4 mutants expressed no detectable ice nucleation activity at temperatures above -12°C. Of the 46 Ice-mutants of P. syringae 31R1 isolated, 5, 13, 22, and 6 fell into classes 1, 2, 3, and 4, respectively.
The P. syringae 31R1 ice gene has recently been cloned and expressed in Escherichia coli (34) . The cloned gene complements completely, both quantitatively and qualitatively, all of the ice nucleation-deficient mutants used in the present study that were tested (34) . Mutations in a rather small contiguous genetic region responsible for ice nucleation, and not pleiotropic effects of mutations in other genes, probably accounted for the Ice-phenotype of these 46 mutants. The reversion frequency of Ice-for all 46 P. syringae mutants used in this study was less than 10-8 cell-1 (data not shown). The in vitro growth rates of all mutant strains did not differ significantly from that of the parental strain (data not shown).
Competition of Ice-and wild-type P. syringae strains on greenhouse plants. Frost injury to corn plants that were challenge inoculated with the ice nucleation-active parental strain P. syringae 31R13C was only about 25% of that of controls when Ice-mutants of this strain or a naturally occurring ice nucleation-inactive E. herbicola strain were syringae mutants or E. herbicola M232ASR11 were observed (Table 1) .
Ice-P. syringae strains and E. herbicola M232ASR11 applied as antagonists reduced the population size of ice nucleation active-bacteria and numbers of ice nuclei active at -5°C on plants. Frost injury to corn was correlated significantly with both the logarithm of numbers of P. syringae 31R13C (Fig. 2 ) and the logarithm of numbers of ice nuclei active at -5°C (Fig. 3) (Fig. 5) . E. amylovora, a bacterial pathogen of pears, was not detected on pear flowers and leaves until mid-April, when warm temperatures conducive to insect vector movement and bacterial multiplication became favorable for its colonization of asymptomatic pear fruiting spurs (Fig. 5) .
The total population size of bacteria on trees treated at budbreak with Ice-P. syringae Citl3R-12 exhibited large seasonal variations, as did that of bacteria on control trees, but the population sizes of several epiphytic species were reduced compared with those on untreated trees. Strain Citl3R-12 comprised over 95% of the total bacteria recovered on KBC from plant leaves and flowers for over 30 days from trees treated once at budbreak with this strain (Fig. 6) . However, the population size of total bacteria on trees colonized by strain Citl3R-12 differed significantly from that of bacteria on untreated trees only on 6 April. The population size of strain Citl3R-12 increased on pear tissue for 3 weeks after its application on 28 March. The population sizes of ice nucleation-active bacteria were not decreased immediately upon inoculation of pear buds; both untreated control trees and trees treated with strain Citl3R-12 had populations of less than about 1,000 cells (fresh weight)-' for 1 week after treatment. However, no subsequent increases in the population size of ice nucleation-active P. syringae strains occurred on trees colonized by strain Citl3R-12, in contrast to that on untreated trees (Fig. 6) . Concentrations of ice nuclei on trees colonized by strain Citl3R-12 also were reduced about 10-fold compared with those in untreated trees at most sampling dates (Fig. 6 ). The population size of E. amylovora was at least 100-fold lower on trees colonized by strain Citl3R-12 than on untreated trees after April 14 ( (19, 27) (Fig. 5 and 6) is lower than that of other habitats, such as root surfaces (3, 7) . Sites on leaves protected from extremes of environmental fluctuations (9), with sufficient nutrients, or suitable for bacterial adhesion to leaf surfaces may therefore limit the population size of epiphytic bacteria. ation, as has recently been attempted for this phenotype in Pseudomonas fluorescens (13) .
A large reduction in the potential population size of Ice' P. syringae strains could be attributed to the presence of a large population of Ice-P. syringae strains on corn and pear leaves. The total bacterial population size on both corn and pear leaves was generally unaffected by inoculation with Ice-P. syringae strains (Table 1 ; Fig. 5 and 6 ). P. syringae strains comprised only 1% of the total bacteria supported by pear tissue on untreated plants (Fig. 5 ) but comprised 10 to 95% of the bacteria on treated pear plants (Fig. 6) reducing the number of ice nucleation-active bacteria on plants (Fig. 2) . Although the number of ice nuclei on plants colonized by Ice-strains was also reduced compared with that on control plants and was log-linearly related to frost injury (Fig. 3) , the number of ice nuclei on plants was not directly related to the population size of Ice' P. syringae 31R13C (Fig. 4) to that observed in a previous study (31) . The specificity of competition among leaf surface bacteria is probably not stringent. Strains that are nearly isogenic to P. syringae 31R1 are more competitive with each other than is another effective bacterial antagonist (28, 29) on leaf surfaces (Table 1) . However, the Ice-strain greatly reduced the population sizes of Ice' P. syringae strains and E. amylovora colonizing pears under field conditions ( Fig. 5 and 6 ). The natural epiphytic populations ofP. syringae on pears in this study probably represented a diversity of ecotypes of this species, as described in other reports (16) . Since no isogenic competitor of E. amylovora was available for this study, it is unknown whether such a strain would have reduced E. amylovora populations more than strain Citl3R-12 did. Conversely, P. fluorescens, P. putida, and E. herbicola strains, when applied to plants before P. syringae, decreased subsequent colonization of leaf surfaces by P. syringae (22, 24, (28) (29) (30) . While a high degree of biochemical, genetic, and thus ecological similarity may be required to maximize competitive exclusion of phylloplane bacteria, many bacteria may normally compete for similar limiting resources. Biological control to achieve disease or frost control by competitive exclusion of epiphytic bacteria appears to be an attractive possibility. The results of this study suggest that competitive exclusion is sufficient to account for antagonism of ice nucleation-active P. syringae on the phylloplane of corn and pear.
